ABSTRACT Myosin II is a central mechanoenzyme in a wide range of cellular morphogenic processes. Its cellular localization is dependent not only on signal transduction pathways, but also on mechanical stress. We suggest that this stress-dependent distribution is the result of both the force-dependent binding to actin filaments and cooperative interactions between bound myosin heads. By assuming that the binding of myosin heads induces and/or stabilizes local conformational changes in the actin filaments that enhances myosin II binding locally, we successfully simulate the cooperative binding of myosin to actin observed experimentally. In addition, we can interpret the cooperative interactions between myosin and actin cross-linking proteins observed in cellular mechanosensation, provided that a similar mechanism operates among different proteins. Finally, we present a model that couples cooperative interactions to the assembly dynamics of myosin bipolar thick filaments and that accounts for the transient behaviors of the myosin II accumulation during mechanosensation. This mechanism is likely to be general for a range of myosin II-dependent cellular mechanosensory processes.
INTRODUCTION
Nonmuscle myosin II is critical for many cellular events, such as motility, cell division, and tissue morphogenesis. In the past few decades, much effort has been invested to understand its roles in mechanosensation and mechanotransduction at the single molecule, cellular, and tissue levels (1) (2) (3) (4) . Yet, the mechanisms of its cellular functions and its interactions with other proteins remain to be clarified. One of the interesting findings is the cooperative binding of myosin heads to actin filaments (5) (6) (7) . Under specific conditions in vitro, the level of actin-bound myosins displayed a sigmoidal increase as a function of increasing myosin concentration and clustering along the actin filaments. These observations suggest cooperative interactions between myosins (homocooperativity). In Dictyostelium, myosin II and the actin cross-linker cortexillin I also codependently accumulate into the highly deformed regions induced by micropipette aspiration (MPA) (2) . Furthermore, the extent of myosin II accumulation increases monotonically with increasing applied force in a manner that is dependent on its lever-arm length (3) . Although the latter can be qualitatively interpreted by the force-dependent binding affinity to actin filaments (8) and the lever-arm theory of myosin (9) , the underlying mechanism of the heterocooperativity between these two different proteins remains elusive.
In the absence of regulatory proteins (such as troponin and tropomyosin), the mechanism for myosin homocooperativity was suggested to occur because binding of myosin heads causes local conformational changes in actin subdomain 2, facilitating myosin binding nearby (7) . Other proteins, such as cofilin, espin, and fascin, also display cooperative binding to actin filaments due to the conformational changes in actin upon binding (10) (11) (12) (13) . Importantly, actin filaments had increased torsion and bending flexibility due to cofilin binding and twisting due to espin and fascin binding. Based on these observations, the conformational changes of actin due to protein binding may be essential for cooperative binding of proteins to actin filaments although the details of the atomic level deformations are still absent.
Though myosin II biochemical and biophysical assays have revealed the underlying mechanisms of cooperativity, there are several missing links between these in vitro observations and the cellular behaviors: First, most mathematical descriptions of cooperativity were based on fitting the experimental data to the general Michaelis-Menten equation or Hill equation (5, 6) , which by itself does not reflect the molecular scale mechanisms of the process. Second, most studies only considered the cooperative interaction between nearest neighbors, thereby ignoring the propagation of actin monomer deformations over longer distances and significantly underestimating cooperativity (14) . Third, because the basic functional unit of myosin II is the bipolar thick filament (BTF), a mathematical model that links the forcedependent myosin-actin interactions, myosin cooperativity and the BTF assembly kinetics is required. Specifically, because actin filaments significantly enhance the BTF assembly rate and the myosin-actin binding is forcedependent, these features must be considered in the model (8, 15) . However, the current understanding of myosin cooperativity is based either on measurements of the myosin motor (proteolytic subfragment 1, S1) or the dimerized motor (heavy meromyosin) to actin filaments in the absence of applied force (5) (6) (7) . The fourth issue is that in vivo protein concentrations are more spatially heterogeneous than those in the in vitro assays (16, 17) . Differences also exist in the mechanical studies of in vitro assembled actin networks where the imposed deformations are relatively uniform. However, the deformations experienced by cells, such as through atomic force microscopy or MPA, are typically much more localized, leading to deformation gradients (18) , which are likely to be more physiologically relevant for normal cell behaviors. Therefore, for a quantitative interpretation of the in vivo cell behaviors based on the understanding of in vitro assays, a multiscale model that integrates these factors is required.
In this article, we analyzed the heterocooperativity between myosin II and cortexillin I in Dictyostelium cells. We then reproduced the key features of the experimental observations of both homocooperativity and heterocooperativity using simulations. These simulations were based on one essential assumption: myosin binding to actin causes local conformational changes in the actin that enhance myosin binding in nearby regions. We performed twodimensional coarse-grained kinetic Monte Carlo simulations of homocooperativity of myosin head binding. The simulations yielded the sigmoidal curve and the two-dimensional cluster formation observed in biochemical assays. Moreover, we simulated the mixed system containing myosin and cortexillin, assuming that myosin binding alone promotes further myosin and cortexillin binding. In these simulations, cortexillin binding always followed myosin binding kinetically and the two-dimensional clusters contained mixtures of both proteins. Furthermore, we developed a model for myosin bipolar thick filament (BTF) assembly by incorporating the effect of myosin head binding through mean-field approximation into the BTF dimer addition model. This model accounts for the kinetics and three-dimensional pattern of the cooperative accumulation of myosin observed experimentally during MPA.
MATERIALS AND METHODS

Measurements of mechanosensory response of proteins using MPA
Micropipette aspiration was performed as described previously (2) . In short, to apply aspiration pressure, the pressure difference was generated by adjusting the height of a motor-driven water manometer. The Dictyostelium myosin II null cells (cells deleted for the myosin II heavy chain gene, mhcA) were transformed with GFP myosin II (GFP-mhcA) and mCherry cortexillin I plasmids or GFP 3ÂAla myosin II (a mutant myosin II heavy chain where key threonines, which are phosphorylated by heavy chain kinases, are mutated to alanine). WT cells were transformed with the GFP myosin heavy chain kinase C (GFP-MHCK-C) plasmid (19).
Cells were loaded into the observation chamber filled with sterile filtered MES buffer (50 mM MES at pH 6.5, 2 mM MgCl 2 , 0.2 mM CaCl 2 ).
Latrunculin-A and jasplakinolide were used to change the F-actin level in cells as compared to DMSO-carrier treated controls (see the Supporting Material). The images were collected using an IX81 microscope (Olympus, Melville, NY) and analyzed using ImageJ software (National Institutes of Health, Bethesda, MD). After background correction, the fluorescence intensity at the accumulation site inside the micropipette was normalized against the opposite cortex in each frame to account for photobleaching. The fluorescence signals were assumed to be linearly proportional to the concentrations of the corresponding protein.
Two-dimensional coarse-grained kinetic Monte Carlo model
To study the kinetics of cooperative binding, a coarse-grained kinetic Monte Carlo simulation model is introduced. A similar model has proven to be powerful for predicting the kinetics of reaction-diffusion systems (20). The simulation domain is a two-dimensional matrix of N Â N square lattices (see Fig. S1 in the Supporting Material). Actin monomers are 5.4 nm in diameter and F-actin filaments are composed of two intertwined strands that are staggered by half a monomer, i.e., 2.7 nm. Because each myosin head covers two actin monomers along a single strand, each lattice point has a size of a ¼ 5 nm, representing one myosin binding site along the actin filament. Two actin filaments are orthogonally aligned at x ¼ N/2 and y ¼ N/2 to mimic the actin network. The simulated mesh size of the actin network is Na. Two-dimensional periodic conditions are applied to the diffusion process but diffusion of bound myosins on F-actin is not allowed. It is assumed that myosin heads have two energy states: unbound and bound state (neglecting the details of the bound myosins with different nucleotide states). The strain energy associated with myosin binding is E 0 s and decays exponentially along the actin filament (shown in Fig. S1 B) , i.e.,
where jx ij j is the distance between binding sites i and j (21). The characteristic decay length, l, was set to 2a because it was observed experimentally that the deformation associated with the binding of a single myosin head propagates~3-4 actin monomers along a single strand (14) . The binding energy of a myosin head, which depends on the occupation states of its neighboring binding sites, is
where E 0 i is the binding energy in the absence of strain. To speed up the computation, a lookup table was used for jx ij j % 3a, containing 30 different cases in terms of occupation state of 2 Â 3 neighboring binding sites. The energy error at a cutoff of 3a is~0.14 E 0 s . If jx ij j % 4a is used, the corresponding energy error decreases to 0.08 E 0 s but the lookup table includes 56 different cases complicating the computations.
Here, the rates of diffusion and binding are kept constant and only the unbinding rate is allowed to be affected by the strain energy associated with cooperative binding through the form of binding energy as defined above. Namely, the energy level of the transition state is assumed to be unaffected by the cooperative binding (see Fig. S1 C) . The reasoning behind this assumption is that the ADP-bound isometric state of myosin (where a myosin head tightly binds actin) is the critical state for myosin cooperative binding (22). The energy landscape is shifted from solid line to dotted line upon the cooperative binding (see Fig. S1 C) . The unbinding rate has the form k off ¼ v exp(ÀE/k B T), where E is the associated energy barrier, k B is the Boltzmann constant, Tis the temperature, and n is the vibration frequency at the molecular level. This energy barrier, E ¼ E a þ E i , where E a is the activation energy barrier, is assumed not to change with cooperative binding. There is no reported value for E a as it is difficult to measure experimentally. To overcome this issue, the rate equation is rewritten as Myosin thick filament assembly in the presence of actin filaments Previously, we proposed a detailed dimer addition scheme for BTF assembly/disassembly based on in vivo and in vitro observations (3, 25, 26) . In this case, the BTF is formed through dimer addition and the stacking of the tail domain of each monomer. The diameter of the Dictyostelium myosin BTFs increases but their length does not change as the BTFs grow, which is different from the muscle myosin BTF assembly mechanism. The BTF assembly scheme primarily consists of five steps, each described by forward, k i , and backward, k Ài , rates (i ¼ 1, 2, ., 5), respectively. The values k 2 , k 3 , k 4 , and k À5 are based on experimentally measured values (25,27,28). Other rates are determined numerically by fitting the experimental observation that 20% of myosins are assembled into BTFs (25,27).
Importantly, numerical tests suggest that the ratio of the rates describing the conversion between incompetent and competent states is the most sensitive parameter that controls the assembly dynamics and therefore, is the only one that is likely to have strain-dependence (3). However, the effect of the cooperative binding of myosin heads in the presence of actin filaments was not considered previously. Myosin binding to actin has at least two effects on BTF assembly: First, the binding is required for myosins to sense the tension in actin filaments. Second, binding prevents myosin monomers from diffusing away from the actin filaments, increasing the probability of the tail-domain interactions between neighboring bound monomers, which elevates BTF assembly.
Here, we incorporated the effect of actin filaments into the kinetics of myosin BTF assembly and present an updated scheme. Due to the presence of actin, the myosin monomer has four different forms: competent bound; incompetent bound; competent unbound; and incompetent unbound. These myosin forms are denoted by M*, M Ã , M and M, respectively, where the overbar represents ''incompetent'' and the asterisk represents ''bound''. The change between competent and incompetent states is a structural one and is presumed to be uncoupled from the change between bound and unbound states. This updated framework takes into account the conversion between the four different myosin monomer forms and the cooperative binding effect, and is shown in Fig. 1 . It is thought that the conversions between incompetent and competent states are governed by MHCK and phosphatase in cells (27). Thus, k þ is set to be 0.05 s À1 based on the measured myosin tail dephosphorylation rate (29) . However, no experimental data on the phosphorylation rate are available. Therefore, k À needs to be set numerically. The value k 1 , the rate that controls the conversion from the bound and the unbound states, has the form of k 1 ¼ k on C actin , where k on is the onrate for myosin binding to actin and is~0.45 mM À1 s À1 (30) . Because myosin unbinding to actin is force-dependent (8) and the isometric binding state is crucial for cooperativity (22), it is reasonable to incorporate its associated cooperative effect in the rate k À1 that controls the conversion from the bound and the unbound states. Considering the abundance of actin filaments in cells and that the assembly rate of BTFs in the presence of actin filaments is much higher than that of myosin alone (15,28), we suspect that although BTFs can still form without binding to actin, the turnover dynamics of myosin BTFs is dominated by the scheme associated with myosin binding to actin. The primary unit for the BTF assembly described is the competent bound myosin M*. Anything that promotes the conversion from M Ã or M to M* accelerates BTF assembly. So far no experimental evidence indicates that the conversion from M Ã to M* (i.e., the dephosphorylation of myosin tail) is force-dependent. However, accumulating evidence, including the simulations presented here, points to the force-dependency of the conversion from M to M* (8). Therefore, k À1 is the key parameter that controls the force-induced myosin accumulation and subsequent BTF assembly. Based on the mean-field approximation of homocooperativity of myosin, k À1 has the form of
where k 0 À1 is the rate in the absence of force and homocooperativity, and DE b is the change of binding energy of a myosin head to actin due to the applied force and the cooperative binding. The measured value of k 0 À1 is~300.0 s À1 (23). In general, DE b can be described as FIGURE 1 Dimer addition model for myosin BTF assembly in the presence of actin filaments. M, D, and T represent the monomer (the hexameric monomer with two heavy chains, two essential light chains, and two regulatory light chains), dimer, and tetramer, respectively, BTF 3 , BTF n , and BTF nþ1 are the bipolar filaments having 6, 2n, and 2(nþ1) monomers, respectively, and n is the number of dimers. The superscripts (*) and bar (À) represent the actin-bound state and the incompetent forms, respectively. The rate constant k 1 ¼ k on C actin , where k on is the on-rate for myosin binding to actin and C actin is the F-actin concentration; k À can be determined by the BTF concentration at steady state. The value k À1 is a function of the concentration of myosin (m) and/or applied force (m, F).
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suggest that the increase of binding energy due to tension may be related to the prolonged transition state of the actin-bound myosin before phosphate release (7, 15, 22) . f~m À1 because the total force is shared by all bound myosins, i.e., F~mf, where F is the total force and m is the total number of bound myosins. As described in the results (below), E s is approximately a piecewise linear function of the coverage of the actin filament by myosin, implying E s~m . Based on the above scaling analysis, the coupling term F is independent of m but proportional to the applied force F and the forceindependent strain energy E 0 s , i.e., F~FdE 0 s . As a result, Eq. 1 can be rewritten as
where DE 0 b contains the terms dependent on the amount of bound myosin m, and u is a coefficient characterizing the energy coupling. The coupling term is for the completeness of the formulation and it can be neglected for convenience because it is a higher order term. Therefore, we used
RESULTS
Myosin and cortexillin show cooperative accumulation during micropipette aspiration
We used MPA to apply aspiration pressure to cells and observed the concentration changes of myosin and cortexillin at the deformation site (Fig. 2 A) . The local concentrations of myosin and cortexillin typically increased in the aspirated region simultaneously with continuously increasing slopes in the rising phase. Importantly, both the peak intensity and the accumulation rate of myosin in the rising phase increased with applied pressure (Fig. 2 , B and C). Because the initial myosin concentration in the cell cortex is~4 mM and the local myosin concentration increased as much as threefold, this suggests that the accumulation rate can be up to 0.2 mM/s. We found that actin monomers and the actin binding proteins that bind to newly formed actin filaments, such as dynacortin, coronin, and LimE, did not show any concentration change in the tip region during MPA (data not shown, and Effler et al. (2)).
Furthermore, latrunculin-A treatment reduced the total actin and dramatically increased cell deformability, making it impossible to apply enough pressure to induce myosin mechanosensitive accumulation (see Fig. S2 ). On the other hand, increasing the total actin concentration fourfold using the actin stabilizer jasplakinolide did not alter the myosin stress-induced accumulation (see Fig. S2 ). All of these results, in combination, suggest that myosin mechanosensitive accumulation does not simply result from changes in the local F-actin concentrations. Because the mechanical input (external pressure) is constant for each curve, a positive feedback loop likely accelerates myosin accumulation by acting primarily at the level of the myosin-actin interaction. Cooperative binding of myosin to actin is one of the possible mechanisms to account for this loop.
We propose that myosin II mechanosensitive accumulation is caused by the force-induced bias of myosin binding affinity to actin filaments, which enhances the myosin binding in the deformed regions. The basic functional unit of myosin is the myosin BTF, as the unassembled myosin monomer is unable to generate force. The majority of the accumulated myosin comes in monomer form from other regions by diffusion. The basis of this assumption is that a mutant myosin II heavy chain (3ÂAla myosin II), which constitutively assembles into BTFs, has attenuated Biophysical Journal 102(2) 1-10 mechanosensitive accumulation (3). To fully understand the kinetics of protein accumulation, it is necessary to consider both myosin binding to actin and the turnover dynamics of myosin BTFs. We will discuss them sequentially below and present a model that is able to explain the in vitro cooperative binding and the enhanced myosin BTF assembly in the presence of actin filaments (7, 15, 22) , as well as the myosin accumulation observed during cellular mechanosensation.
Strain-induced cooperative interaction of myosin heads leads to cluster formation along actin filaments
We studied the homocooperativity of myosin II and the heterocooperativity between myosin II and cortexillin I using a two-dimensional coarse-grained kinetic Monte Carlo simulation model (see Materials and Methods). In this model, an actin meshwork was mimicked by a twodimensional periodic rectangular box in which two actin filaments were orthogonally placed. Myosin and cortexillin proteins in the domain are allowed to diffuse, bind, and unbind the actin. Because the kinetic rates and geometries are based on three-dimensional considerations, the twodimensional simulations reasonably mimic the kinetics of three-dimensional events (see the Supporting Material).
The bound fraction of myosin as a function of the myosin head concentration shows a sigmoidal shape, a signature of cooperativity ( Fig. 3 A) . It becomes more pronounced as the strain energy, E 0 s , increases, indicating that the cooperativity is proportional to the conformational change due to myosin binding. The cooperativity can be significant even when strain energy is only a few k B T, a small portion of the ATP hydrolysis energy (~25 k B T). Fitting the kinetics of binding to an exponential function suggests that the characteristic time of the curves is around a few seconds, consistent with published values (6) . The two-dimensional myosin II clusters on actin due to homocooperativity (Fig. 3 B , and see Movie S1 in the Supporting Material) are similar to those observed previously by electron microscopy (7). Moreover, the cluster size increases with the strain energy due to cooperative binding (Fig. 3 C) . In comparison, if we only consider nearest-neighbor interactions, the impact of cooperativity is much less, and the strain energy needs to be increased by up to eightfold to achieve similar cluster sizes (see Fig. S3 ). Thus, the above simulations replicate two major features observed in the in vitro myosin binding assays: the sigmoidal shape of myosin binding and the myosin clusters, suggesting that the simulation scheme and the parameters being used have physical and biological significance.
In cells, myosin heads undergo a power stroke, pulling the actin filaments along one direction. This myosin forcegeneration leads to an almost equivalent tension in the actin filaments if the polymers are cross-linked and/or entangled. Single molecule studies demonstrated that the tension is able to lock the myosin heads in the isometric state and hence increase its binding lifetime to actin filaments (8) . The relation between the tension and the binding lifetime is often described by Bell's model, i.e., the binding lifetime is exponentially proportional to the force experienced by each myosin head. During MPA experiments, the elevated pressure increases the tension in the actin filaments and consequently myosin heads experience more load, presumably leading to more local strain associated with myosin binding, as well as longer binding lifetimes. In simulations, the strain energy was increased with different magnitudes to mimic the effect of pressure jumps in experiments (Fig. 3 D) . The bound fraction increases as the strain energy increases, consistent with the experimental observation that myosin accumulation increases as a function of applied pressure ( Fig. 2 and Ren et al. (3)).
Because myosin and cortexillin synchronously accumulate during the rising phase (Fig. 2 A) , we suggest that heterocooperativity may exist between myosin and cortexillin. To account for this, we consider that similar to myosin, cortexillin may have two energy states and that cortexillin's binding energy in the absence of strain (E GFP-cortexillin accumulation during MPA (3). These observations suggest that the cooperativity from cortexillin binding alone is not sufficient to mediate mechanosensitive cortexillin accumulation.
Therefore, we consider two extreme cases. The first is that the cooperativity of cortexillin binding is as strong as that of myosin binding and that the associated conformational change of actin facilitates both myosin and cortexillin binding. The second is that cortexillin binding is not cooperative. In both cases, it is assumed that myosin binding promotes cortexillin binding. For the first situation, cortexillin is not distinguishable from myosin based on their binding behaviors and the corresponding simulation result is not different from the case of pure myosin (not shown). For the second situation, the simulation shows that the dynamics of the protein binding of the mixed system is dominated by myosin and the corresponding clusters have both proteins (Fig. 4 , and see Movie S2 and Fig. S4 ). Cortexillin accumulates as myosin does in both cases, suggesting that it will also accumulate in cases between the two extremes. Therefore, it is reasonable to conclude that heterocooperativity may be observed as long as myosin binding enhances cortexillin binding, whereas cortexillin binding does not need to enhance myosin binding.
With the essential assumption that local deformation of actin filaments due to myosin binding enhances neighboring myosin binding, these simulations qualitatively reproduce key features observed in the in vitro myosin binding assays and account for the possible heterocooperativity observed in vivo. Without this assumption (i.e., E 0 s is zero), the sigmoidal curves and cluster formation disappeared (not shown).
Mean-field approximation of strain energy from statistical mechanics
To link quantitatively the cooperative interaction of myosins to the accelerated myosin accumulation observed in experiments, we need to evaluate the average change of the binding energy E s associated with the cooperative binding, as a function of the coverage of actin filaments by myosin binding, f. An analytical solution for E s might generally be obtained for simple cooperative interactions between proteins by considering nearest-neighbor interactions (32) . However, the situation here is more complicated. Initially, myosin heads bind to actin filaments more-or-less randomly and slowly form clusters due to the cooperative interactions through the strain field in the actin filaments (see Movie S1). In addition to the inherent randomness of the occupied states of neighboring binding sites (more than just nearestneighbor binding sites), the long-range nature of this type of cooperative interaction makes it almost impossible to obtain an analytical equation to calculate the average change of the binding energy. However, the average effect may be evaluated through statistical simulations.
To this end, we considered a one-dimensional actin filament with N binding sites for myosin and applied a periodic boundary to it to mimic an infinitely long filament. Using only the values of E 0 s and the decay length of the strain field (l), the mean-field approximation of the change of binding energy due to cooperative binding, E s , can be calculated (see the Supporting Material) from
Here, we assumed that E 0 s can be as large as 3 k B T. This assumption is derived from the precedent that the free energy change associated with cooperative actin binding of another actin binding protein, cofilin, is~7 kJ/mol (~2.8 k B T) (33) . The value l has the same value used previously (2a). We calculated E s as a function of f for different N and E 0 s (Fig. S5, A-C) . From this calculation, we find that regardless of the value of N, E s can be approximated by a piecewise linear function as
where c 1 and c 2 are the slopes and f* is the critical point where E s switches between these two regimes. Becausec 1 > c 2 , E s increases less after f exceeds f* for E The value of instantaneous E s can be calculated through Eq. 5 once the concentrations of bound myosin and F-actin are known. The result of the mean-field approximation of E s will be used in a myosin BTF assembly scheme described in the next section to evaluate the myosin accumulation. A model of myosin BTF assembly demonstrates strain-induced myosin accumulation
We developed a myosin BTF assembly model that takes into account the cooperative interaction and force-dependency of myosin binding to actin filaments (Materials and Methods, Fig. 1 ). The effect of cooperative interaction and forcedependency is reflected in the rate, k À1 , that controls the conversion from the bound to the unbound states through (15) . The piecewise linear approximation of E s from the mean-field approximation may now be rewritten as
where m* corresponds to f* in Eq. 5, The only undetermined rate in the scheme, k À , was determined numerically by fitting the simulation results to the experimental observation that the immobile fraction of myosin in the cortex is between 20 and 50% because the immobile fraction measured by FRAP is equivalent to the assembled BTF fraction (34) .
We applied the BTF assembly scheme with Eqs. 3 and 6 to different cases and compared the simulation results to the experimental observations. We also performed sensitivity tests of k À and k þ terms, which are provided in the Supporting Material.
Here, we present the simulation results of myosin accumulation in response to pressure. In Dictyostelium cells, C actin is~70 mM, which sets k 1 to be~30.0 s À1 . In MPA measurements, the aspiration pressure DP was fixed over time and hence the total force F applied on the tip of cell in the pipette was constant. Initially, the system resides at steady state before time zero and then starts to evolve in response to the applied force, Fd. In the simulations, the concentration of unbound myosin monomer was kept constant (see the Supporting Material) and the value of Fd was varied over a physiological range (see Materials and Methods) to mimic different applied pressures. The kinetics of BTF assembly along with the normalized myosin accumulation and the rates of accumulation with k 1 at 7 and 14 s À1 are provided (see Fig. S9 ). Importantly, the BTF assembly rate was nearly identical to the accumulation rates under the same conditions. With k 1 ¼ 7 s À1 , BTF assembly increased, leading to significant myosin accumulation in response to applied force. However, these simulations did not show continuously increasing accumulation rates over the duration of force application. In comparison, with k 1 ¼ 14 s À1 , the simulations showed dramatic BTF assembly and myosin accumulation and, most importantly, continuously rising accumulation rates even with smaller Fd. Quantitatively, the accumulation rate in the simulations reached 0. We can now account for the stress-induced accumulation of myosin II to the deformed cortex in the micropipette aspiration experiment. The majority of accumulated myosin 
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Myosin Cooperativity in Mechanosensingdiffuses from the cytoplasm to the tip region in the form of myosin monomers (Fig. 6 A) , similar to the diffusion of myosin II to the cleavage furrow during cytokinesis. These monomers are then incorporated into the preexisting BTFs or assembled into new BTFs. The in-plane deformation of the actin cortex is greatest in the tip region inside the pipette (35, 36) . Physically, the associated tension has to decay smoothly away from the tip region because of the gradual change of the cell shape and the continuity of the strain in cortex. We assumed that the tip of the cell has a shape close to a spherical cap and that the cortical tension T is a function of the position along the arc. A simple choice is T(q) ¼ DT cos q, where q is the polar angle measured from the tip to the edge (see Fig. S10 ) and DT is the tension drop. The force applied on each myosin head has a similar form: F(q) ¼ DF cos q, where DF is the force drop, corresponding to the tension drop. The nonuniform force distribution profile may then result in different chemical equilibria of the BTF assembly kinetics at each position along the arc, leading to different local levels of myosin accumulation. Following this idea, we substituted the above force profile as boundary conditions into Eq. 3 and solved the three-dimensional reaction-diffusion equations for myosin BTF assembly using COMSOL software (see the Supporting Material).
We also incorporated WT actin polymer concentration along with the 1.1-fold ratio between the 0.5-mm-thick cortex and the cytoplasm (17,28). We then simulated the initial myosin BTF profile and the evolution of the profile over 200 s immediately after the pressure jump for WT myosin II and the constitutively BTF-assembled mutant 3ÂAla myosin II (Fig. 6 B; and see Movie S3, Movie S4, and Movie S5). The simulated distributions of WT myosin compare well with the experimental observations ( Fig. 2;  (3) ). Further, the total concentration of myosin II that accumulated was 5 mM, yielding a ratio of normalized intensity of 1.6. This compares favorably with the average normalized ratio and concentrations measured for dividing cells This modeling scheme only accounts for the rising phase of the myosin accumulation. The falling phase after the peak is likely due to the accumulation of myosin heavy chain kinase C, which accumulates at the micropipette along with myosin II (see Fig. S12 ). This heavy chain kinase tracks its myosin II substrate, phosphorylating it to promote disassembly (19).
DISCUSSION
To explain how mechanosensitive localization of myosin II occurs, we present a multiscale model based on a myosin bipolar thick filament assembly scheme that incorporates the contributions from cooperative and force-dependent myosin-actin binding. Using physiological protein concentrations and rate constants, our simulations replicate several major in vitro and in vivo experimental observations from the molecular scale to the cell level for both WT and 3ÂAla myosin II. Additionally, the simulations provide predictions of the strain energy associated with cooperative binding. Although the simulations draw upon the protein concentrations in Dictyostelium cells, the assembly scheme can be easily adapted for the myosin assembly of other species because the k 1 and k À1 that dictate the reactions have reported values in different systems (30) , and the concentrations of F-actin and myosin in the cortex are relatively straightforward to measure.
In Dictyostelium cells, myosin II and the actin cross-linking protein cortexillin I accumulate at the cleavage furrow during cytokinesis, at the cell rear during motility, and in retracting pseudopods (37, 38) . The heterocooperativity between myosin and cortexillin proposed here might be one mechanism that contributes to these localized accumulations, and the myosin BTF assembly scheme may be used to understand the kinetics of these dynamic processes. The proposed mechanism of cooperative localization involves conformational changes in the actin filament due, in part, to tension and consistent with this idea, mutant Dictyostelium myosin motor domains (S1 fragments) with increased actin affinity localize preferentially to actin filaments in mechanically stressed regions of the cortex (39) . Undoubtedly, the principles described here are general and may be applicable to other myosin-mediated, force-dependent accumulation of heterologous proteins, such as in focal adhesions (40) .
Overall, we provide a multiscale model that accounts for the in vivo cellular scale mechanosensitive accumulation of myosin II from the cooperative binding of the motor domain coupled to the assembly of bipolar thick filaments. Latrunculin treatment reduced the F-actin levels to 40% of control while jasplakinolide treatment increased F-actin levels four-fold (Fig. S2A,B) . Both drug treatments induced aggregations of F-actin and myosin II in the cortex, which lead to the structural non-uniformity as compared to untreated cells. In the MPA assays, only very low pressures could be applied to latrunculin-A-treated cells due to their extremely high deformability (higher pressures aspirated the entire cell into the micropipette, making measurements at these pressures impossible). No mechanosensitive accumulation was observed at these low pressures. In contrast, jasplakinolide treatment did not alter the mechanoresponsiveness as compared to control over a range of aspiration pressures (Fig. S2C) .
SUPPORTING MATERIAL
The 2D kinetic Monte Carlo simulations reflect the 3D events
In the lattice kinetic Monte Carlo simulations, we used a 2D simulation box. However, the simulations reasonably mimic 3D events because the length of mesh size, the length that single myosin covers along actin filament, the binding and unbinding rates, and the diffusion coefficients are based on 3D structures and 3D measurements (1) . As far as the diffusion in different dimensions is concerned, the mean square displacements of a random walk during time
for 2D and 3D cases, respectively, and hence the mean square displacement differs only by a factor of 1.5 between the 2D and 3D cases.
However, differences between these 2D and 3D scenarios could slightly alter the cluster size.
The mean-field approximation of s E from statistical mechanics
We considered a one-dimensional actin filament with N binding sites for myosin and used periodic boundary conditions to mimic an infinitely long filament. The partition function Z of the system at each φ was calculated from 7 10 random samplings according to
where j g is the corresponding degeneracy of the same energy level and H is the energy of the system defined as
Here, U is the free energy of the system in the absence of the binding of myosin to actin and binding E is the binding energy of the system. Mathematically, U has the form of depend on the permutation of the myosin positions. As a result, they cancel out eventually in the exponential terms in both the numerator and the denominator of j P . By expanding both sides of
Again, considering that U and 0 i E are constants, Eq. S1 reduces to
E is the average change in the binding energy of the system due to the cooperative interactions. Since 
The effect of the distribution of actin filament length on the cooperativity of myosin II
The mesh size of actin network is an average distance between the crosslinking points. In 2D lattice kinetic Monte Carlo simulations, the window size of simulation box is equal to the mesh size assumed. When the mesh size is much larger than the characteristic decay length of the strain field, λ, changing the mesh size only affects the effective actin concentration in the simulation box and does not qualitatively change the cooperativity between bound myosins.
However, in cells, the actin filament length has a broad distribution, varying from a few nanometers to submicron or even microns. If the length of certain actin filaments is close to the decay length, λ ( 15 3 = a nm), the cooperativity of myosins on these filaments will not be as strong as predicted (or simulated) by this paper. To compare the simulation results in this paper to the myosin behaviors in real cells, it is necessary to take the distribution of actin filament length into account. For WT Dictyostelium cells, the mean and the median of the actin filament length are 94 nm and 81 nm, respectively (2) . Therefore, the effect of the randomness of actin filament lengths is negligible when we compare the simulations to the experiments with Dictyostelium cells.
The possibility of the force-dependency of the on-rate, k 1 Here, the "off" rates k -1 is considered to be the primary force dependent term for two reasons. The first is that the in vitro assay in Ref. (3) indicates the cooperativity of myosin II is dependent on the isometric, actin-bound state of myosin II. The second is that the myosin actinbinding lifetime is force-dependent (4). These two findings strongly suggest that the "off" rates (or the binding lifetimes of myosin to actin) are force-dependent. However, it is possible that the strain energy also affects the "on" rates by altering the actin filament structure, promoting myosin binding. Numerically, we can simulate the cooperativity associated with the changes of the "on" rates. However, with limited experimental evidence for changes in the "on" rate due to forces and strains, the biological relevance of such simulations is unclear. 
The first term represents the strain energy and the second term is associated with the applied force. δ can have a value of either 1 δ or 2 δ depending on the amount of bound myosin m according to Eq. 3. 
The concentration of unbound myosin monomer during myosin transport
In cells, the local myosin concentration changes but the concentration of certain myosin forms might be constant. The mobile or diffusible unit of myosin in cell cortex is more likely to be the unbound myosin monomer (UMM). The cytoplasm can be considered as a reservoir of UMM and diffusion is able to quickly smooth the UMM gradient in the cytoplasm, which means the concentration of UMM is constant during the BTF assembly induced by local force.
Therefore, to simulate the myosin accumulation and BTF assembly during mechanosensing without using real 3D geometry (results shown in Fig. 5 ), the concentration of UMM ( M and M ) is kept constant. (Fig. S7B) . It can be seen that the high F-actin does promote BTF assembly and the saturation concentration of actin is about six times the myosin concentration, which is consistent with the experimental observations (5). For different 0 s E , it is true that higher + k leads to more bound myosin, which can be seen by comparing Fig. S8A to S8B. In these simulations, the force term is zero and the myosin concentration is constant. Hence, the simulations reflect the conditions of in vitro BTF assembly.
Estimation of the Fd term for Dictyostelium cells during MPA measurements
During MPA measurements, the applied pressure is transmitted through the membrane and the membrane-cortex linkage to the actin cortex. Initially, myosin II concentration in the cortex, 
8 where C represents the concentration and the subscripts correspond to different components in the assembly scheme. Parameters and algorithm are listed in Tables S1 to S3. The product of the duty ratio, a geometric factor and the Avogadro's number (6) Supplemental Movie 2. Movie shows the simulation result for cooperative binding of myosin II and cortexillin I. Clusters containing both myosin II and cortexillin I are formed due to heterocooperativity. The bound myosins and cortexillins are represented by yellow and red dots, respectively. The unbound myosins and cortexillins are represented by grey and green dots, respectively. The time delays between each frame increase logarithmically.
Supplemental Movie 3.
Movie shows the accumulation of WT myosin II in response to applied force.
Supplemental Movie 4.
Movie shows the accumulation of 3xAla myosin II in response to applied force.
Supplemental Movie 5.
Movie shows a 3D view of WT myosin II accumulation in response to applied stress. The movie has an 85° cutout so that the cell interior is visible.
